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Deployable	 structures	 are	 in	 general	 actuated	 by	 using	 a	 mechanical	 or	 a	 multiphysics	 stimulus.	






shape	memory	polymers	have	 low	density	and	are	easy	 to	process	and	customize.	To	enhance	 the	
deployment	performance,	Origami	and	Kirigami	design	strategies	can	be	also	adopted,	as	they	enable	
the	 transformation	 of	 2D	 sheets	 into	 three-dimensional	 deployable	 configurations	 [3].	 These	 two	





from	 cases	 related	 to	 the	 self-folding	 of	 hydrogel-based	micro-actuators	 [8],	 electrically	 activated	
papers	[9],	or	paper	based	respiration	sensors	[10].	
In	 recent	 years	 different	 research	 groups	have	developed	hygromorph	biocomposites	 (HBCs),	with	
designs	inspired	by	the	bilayer	microstructure	of	natural	hydraulic	actuators	(e.g.,	pine	cones	[11][12]).	
The	 bilayer	 configuration	 allows	 the	 triggering	 of	 an	 out-of-plane	 displacement	 response	 when	 a	
moisture	gradient	 is	present.	Contrary	to	synthetic	actuating	fibres	[8],	HBCs	represent	a	disruptive	










the	 moisture	 content,	 the	 stiffness	 or	 the	 thickness	 ratio	 [17][18].	 Previous	 works	 related	 to	 flax	
fibre/polypropylene	(PP)	hygromorph	actuators	have	shown	that	the	response	not	only	depends	upon	
the	fibre	volume	content,	but	also	on	the	interfacial	shear	strength	[15].	Nevertheless,	the	durability	
of	 these	 actuators	 in	 severe	 environments	 like	 water	 immersion	 is	 limited	 by	 the	 mechanical	
degradation.	 In	 this	 case,	 polysaccharides	 leachate	 and	 porosity	 are	 produced	 due	 to	 existing	
swelling/shrinking	 processes	 and	 the	 delamination	 occurring	 between	 layers	 [14][15][19][20][21].		






from	 local	 feedstocks,	 which	 feature	 a	 moderate	 environmental	 footprint	 [22]	 and	 potential	
recyclability	and	compostability	at	their	end	of	life.	As	a	natural	system,	plant	fibres	have	an	intrinsic	








The	 biochemical	 composition	 of	 plant	 fibres	 also	 varies	 depending	 on	 their	 function	 and	 the	
environmental	conditions	during	harvesting.	Hemicellulose-rich	(~15%)	and	pectin-rich	(~2%)	cell	walls	









biochemical	 composition.	 The	 two	 best	 fibre	 candidates	 are	 then	 compared	 on	 the	 basis	 of	 their	
actuation	performance.	Mechanical	and	biochemistry	tests	are	then	used	to	investigate	their	durability	







Lignin	[%]	 Pectins	[%]	 MFA	(°)	 Ref.	
Flax	 64-85	 11-17	 2-3	 1.8-2.0	 10	 [25][26]	
Jute	 61-75	 13.6-20.4	 12-13	 0.6±	0.6	 7-12	 [27][28–30][26]	
Kenaf	 45-57	 21.5	 8-13	 3-5	 7-12	 [27][29,32]	




2 Materials and Methods 
2.1 Materials selection 
In	 this	 study	 flax,	 jute,	 kenaf	and	 coir	 fibre	 composites	have	been	 selected	as	 the	actuating	 fibres,	
because	these	natural	reinforcements	exhibit	quite	a	wide	range	of	microstructural	and	biochemical	










2.2 Manufacturing of laminates and HBCs 
















2.3 Swelling measurements 
For	each	case,	three	square	biocomposite	samples	of	50	mm	X	50	mm	have	been	cut.	We	have	traced	
three	 lines	 longitudinally	 and	 transversally	 to	 the	 fibre	 orientation,	 to	 ensure	 that	 the	 swelling	
measurements	 were	 always	 performed	 at	 the	 same	 point.	 The	 results	 were	 then	 averaged	
arithmetically.	




	 	 		 	 (Equation	1)	
Where	Wt	and	W0	are	the	weight	of	sample	after	water	exposure	and	the	weight	of	the	dry	material	
before	immersion,	respectively.	The	maximum	moisture	absorption	M∞	 is	calculated	as	the	average	
value	 of	 five	 consecutive	measurements.	 The	 desorption	 of	 the	 saturated	 samples	 was	measured	
under	laboratory	conditions	(RH	=	50%	and	T	=	23°C)	by	continuous	recording	the	variations	using	a	
weighing	device	with	10-4	g	accuracy.		






2.6 Analysis of the curvature 
We	 estimated	 the	 bending	 curvature	 of	 the	 HBC	 during	 the	 immersion	 in	 deionized	 water	 by	

















2.7 Leaching products: carbohydrate analysis   





Neutral	 and	 uronic	monosaccharides	 have	 been	 identified	 and	 quantified	 using	HPAEC	 following	 a	














3 Results and discussions 

























































































































Dk	 = 		 ∆$∆%	&((,*), 				 	 	 	 	 	 	 	 (Equation	2)	𝑓(𝑚, 𝑛) = 	 0 12( 34 12( 32 12(* (32	 567 				 	 	 	 	 	 	 (Equation	3)	





Other	 important	 parameters	 to	 design	 and	 produce	 reliable	 HBCs	 are	 the	 wetted	 mechanical	
properties,	 and	 the	 rate	 of	 loss	 between	 the	 dry	 and	 wet	 states.	 After	 water	 saturation	 the	
biocomposites	exhibit	a	decrease	of	their	longitudinal	and	transverse	stiffness,	mainly	because	of	the	
plasticizing	 effect	 provided	 by	 the	 water	 on	 the	 fibres	 and	 the	 bond	 strength	 of	 the	 fibre/matrix	
interface	[45].	Again,	one	needs	to	notice	that	MAPP	is	assumed	here	to	be	insensitive	to	water.	Flax	
Materials	 Dried	state	(RH	=	50%)	 Wetted	state	 Loss	(%)	
ELsec/ELsat	
Loss	(%)	
ETsec/ETsat	EL	(MPa)	 ET	(MPa)	 EL	(MPa)	 ET	(MPa)	
Flax/MAPP	 30,950	±	2107	 1791	±	180	 10,144	±	1458	 932	±	146	 67.2	 48	
Jute/MAPP	 23,035	±	2382	 1786	±	154	 9304	±	1006	 936	±	63	 59.6	 47.6	
Kenaf/MAPP	 11,477	±	1434	 2191	±	129	 4742	±	504	 922	±	130	 58.7	 57.9	








theory	because	 it	provides	a	good	approximation	of	 the	actuation	curvature	 for	 the	assumed	 strip	













Flax/MAPP	 0.107	 3.55	 10.9	 0.095	 0.044	
Jute/MAPP	 0.11	 3.70	 9.95	 0.094	 0.043	
Kenaf/MAPP	 0.07	 2.80	 9.1	 0.088	 0.040	











HBCs	 in	 shape	 morphing,	 and	 also	 to	 provide	 some	 blocking	 force	 as	 evidenced	 elsewhere	 [11].		
Amongst	the	investigated	fibres,	flax	and	jute	are	the	best	actuating	reinforcements	in	high-performing	
HBCs	with	the	highest	curvature.	The	kenaf	and	coir/MAPP	are	clearly	less	promising,	and	have	not	
been	 further	 studied	 in	 this	 work.	 A	 following	 systematic	 actuation	 analysis	 (including	 the	 first	
sorption/desorption	cycle)	and	hygromechanical	 fatigue	have	been	only	carried	out	on	the	flax	and	
jute	HBCs.	
3.2  Actuation performance of the flax and jute HBCs  
3.2.1 Analysis of actuation behaviour at the first sorption/desorption cycle  
Before	testing	the	initial	water	content	of	the	HBCs	was	determined	because	a	variation	in	the	water	
fraction	 triggers	 actuation.	 We	 also	 performed	 gravimetric	 analyses	 before	 and	 after	 the	
thermocompression,	and	after	storage	at	50%	RH.	Because	the	MAPP	is	insensitive	to	water	the	initial	











After	 immersion	 in	 the	deionized	water,	 the	 flax	 and	 jute	MAPP	biocomposite	 actuators	 absorbed	
some	substantial	and	similar	amounts	of	water,	and	all	exhibited	similar	kinetics.	The	water	amount	at	
saturation	 in	 the	 actuators	 and	 the	 unidirectional	 laminates	 	 differs,	 because	 of	 the	 hygroscopic	
stresses	developed	in	the	[0,	90]	asymmetric	laminates.	This	difference	could	reduce	the	free	volume	

































(v)	an	 incomplete	description	of	 the	mechanical	behaviour	 (i.e.,	 the	Poisson’s	 ratio	and	anisotropic	
properties	of	the	plies,	which	were	not	taken	into	account	in	the	model).	
The	actuation	speeds	were	of	the	flax	and	jute	HBCs	were	similar,	and	varied	from	5	×	10-4	to	8	×	10-4	
min-1.	 Compared	 with	 other	 materials	 such	 as	 SMAs,	 the	 HBCs	 exhibit	 a	 slower	 morphing	 speed	
Immersion time/thickness (min1/2/mm)








































































straightening	 compared	 to	 the	 moisture-absorption-induced	 curvature	 case.	 This	 behaviour	 was	



















































was	 actually	 between	 2	mm	 and	 3	mm,	 and	 not	 the	 10	mm	used	 in	 previous	works.	 This	 shorter	
clamping	length	leads	to	stress	concentration	and	overall	loss	of	durability.	This	information	might	be	
important	to	design	future	HBC	assemblies.	Unlike	the	flax/MAPP	ones,	the	jute	actuators	however	




two	 types	 of	 actuators,	 it	 is	 possible	 to	 observe	 that	 the	 initial	 speed	 increase	 is	 followed	 by	 a	
stabilization	at	higher	cycle	numbers.	This	phenomenon	can	be	attributed	to	the	interfacial	porosity	
Cycle number












































































































To	 the	 best	 of	 our	 knowledge,	 in	 open	 literature	 there	 is	 an	 evident	 lack	 of	 comprehensive	











Origamis	 (oru,	 ‘	 fold’,	 and	kami,	 ‘paper’)	 are	widely	 employed	 to	 develop	 autonomous	 self-folding	
systems	[7].	If	used	within	Engineering	Origami,	HBCs	may	be	capable	of	massive	folding,	i.e.,	bending	
[7].	A	crease	pattern	would	influence	the	complex	deployment	of	the	HBC	sheet.	HBCs	with	a	60%	flax	
or	 jute	 fibre/MAPP	 matrix	 have	 a	 maximal	 curvature	 that	 allows	 a	 minimal	 curvature	 radius	 of	


























systems	previously	 tested	 (Figure	5b),	because	of	 the	mechanical	 constraint	 induced	by	 the	crease	























Kirigami	 is	 often	applied	 to	passive	materials;	 however	 smart	materials	 (electro-active,	 SMA,	 SMP)	
have	been	also	recently	used	to	develop	self-deploying	structures	[1][6][59].	In	a	similar	way,	we	have	
generated	 laser-cut	 HBCs	 with	 different	 simple	 cutting	 patterns	 that	 exhibit	 bending	 and	 twisting	
responses	 from	 a	 planar	 biocomposite	 sheet	 (Figure	 7a	 and	 b).	 The	 laser	 cutting	 also	 enables	 the	































fibre	 microstructure	 (cellulose	 MFA	 and	 lumen	 size)	 and	 biochemical	 composition	 (pectins,	
hemicelluloses	and	lignin).	Plant	fibres	have	been	therefore	used	as	natural	actuating	fibres,	and	their	
selection	will	lead	to	a	wide	range	of	potential	HBCs	with	low	environmental	footprints.	Jute	and	flax	










and	 confirmed	 their	 potential	 applications	 in	 moisture-induced	 self-shaping	 systems.	 Although	
essentially	triggered	by	a	moisture	variation,	the	HBCs	and	their	actuating	plant	fibres	are	also	sensitive	
to	temperature.	Combining	these	HBCs	with	SMPs	could	therefore	enlarge	their	response	spectrum	
and	design	envelope.	
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